Alternative sources of p-type conduction in acceptor-doped ZnO
Sukit Limpijumnong, 1,2 Luke Gordon, 1, 3 Maosheng Miao, 1 Anderson Janotti, 1 and Chris G. Van We report first-principles calculations and interface simulations for Zn 3 P 2 , a compound that may form during doping of ZnO with phosphorous. While P is a deep acceptor in ZnO and thus unable to produce p-type conductivity, we show that hole accumulation can occur at ZnO/ Zn 3 P 2 interfaces due to the unusual valence-band alignment between the two materials. This provides an explanation for the hole conductivity that has been observed in Hall measurements on phosphorous-doped ZnO. © 2010 American Institute of Physics. ͓doi:10.1063/1.3481069͔
ZnO is a highly promising material for a wide variety of applications, including window layers for solar cells, transparent transistors, and sensors. Based on its band gap ͑3.4 eV͒ and large exciton binding energy ͑60 meV͒ it would also be an excellent material for light emitters. Acceptor doping of ZnO has proved highly challenging. There are by now a large number of reports in the literature ͑too numerous to cite͒ claiming observations of p-type conductivity in ZnO doped with different elements. The lack of follow-up reports and the scarcity of device demonstrations based on p-n junctions indicate that there are serious problems with reliability and reproducibility. In addition, fundamental questions have arisen about the ability of some of the acceptor dopants to actually yield hole conduction. In particular, while p-type conductivity has been reported in ZnO doped with group-V acceptors such as P, [1] [2] [3] [4] As, 5 and Sb, 6 computational studies 7 have systematically produced large values for the corresponding acceptor ionization energies, rendering it unlikely that these elements would act as shallow dopants. In the case of nitrogen, estimates of ionization energies have been inconclusive, although recent computations indicate a very deep level. 8 Nitrogen is the element for which the most favorable results have been obtained; [9] [10] [11] still, the questions about reproducibility and reliability also apply in this case.
If these elements, when incorporated into ZnO, do not actually act as shallow acceptors, then why do Hall measurements yield a signal that seems indicative of hole conductivity? One possible cause, recently discussed by Ohgaki et al. 12 and by Bierwagen et al. 13 is the presence of inhomogeneities in the sample. It was demonstrated, based both on modeling and on explicit measurements for a known n-type sample, that lateral inhomogeneities in carrier concentrations can result in an incorrect assignment of the carrier type. Other mechanisms for explaining the hole conductivity have been proposed 14, 15 but have no direct experimental confirmation.
In this letter, we propose and document another mechanism that may give rise to spurious measurements of hole conductivity in acceptor-doped samples. The mechanism will be illustrated with the example of P but it may also occur in the case of the other group-V impurities ͑N, As, and Sb͒. When P is used as an acceptor dopant, the intent is to introduce large concentrations of the impurity into ZnO. Under those conditions, the solubility limit may be exceeded, an issue that has been extensively discussed in the context of doping of other semiconductors ͑see Refs. 16 and 17 for a discussion of acceptors in ZnSe and ZnTe and Refs. 18 and 19 for GaN͒. Solubility limits arise because it becomes more favorable for the impurity to incorporate into an alternate phase rather than on a substitutional lattice site inside the semiconductor. The competing phase would typically manifest itself as precipitates inside the host material. Candidates for alternate phases can be identified by examining which compounds can be formed between the impurity and the host element. In the case of group-V impurities in ZnO, the prime candidates are the Zn 3 X 2 compounds ͑where X = N, P, As, or Sb͒. We therefore perform an investigation of such compounds and their impact when they are incorporated as precipitates in ZnO. We will see that the presence of such compounds can lead to measured hole conduction in two ways. First, the compounds themselves exhibit a tendency toward p-type conductivity. Second, we will demonstrate that at the interface between ZnO and the Zn 3 X 2 compound there is a strong tendency for a hole accumulation layer to form.
Our investigations of ZnO and Zn 3 P 2 are based on firstprinciples calculations using density functional theory in the local density approximation. Ultrasoft pseudopotentials with a plane-wave basis set ͑energy cutoff 300 eV͒ as implemented in the VASP code 20 were used. Bulk calculations were performed for Zn 3 P 2 in the P42/ nmc structure with a 40-atom unit cell. We obtained a calculated lattice constant of 7.897 Å, which compares favorably with the experimental value 21 of 8.097 Å. A 2 ϫ 2 ϫ 2 Monkhorst-Pack k-point sampling was used in the Brillouin-zone integration.
Insight into band alignments as well as doping tendencies of the material can be provided by investigating the behavior of interstitial hydrogen. 22 We performed supercell calculations for a single hydrogen interstitial in Zn 3 P 2 using 40-atom supercells and 2 ϫ 2 ϫ 2 k-point sampling. The formation energy of H i q ͑q =−, 0, or +͒ is calculated according to the definition given in Ref. 23 .
Consistent with general tendencies, 22 H in the positive charge state prefers a lattice location in a P-antibonding site, while in the negative charge state it prefers a Zn-antibonding site. The neutral charge state is never stable, as can be seen in Fig. 1 . The + / − transition level is found at 0.12 eV above the valence-band maximum ͑VBM͒.
Assuming the universal alignment discussed in Ref. 22 is valid, the position of the VBM with respect to the vacuum level is expected to be at approximately −4.50− 0.12 = −4.62 eV. This is quite high, on an absolute energy scale, and will have consequences for the electronic behavior of interfaces between Zn 3 P 2 and ZnO, as discussed below. Materials in which the VBM occurs at a high energy with respect to vacuum generally exhibit a tendency toward p-type conductivity, i.e., impurities that act as shallow acceptors will be more easily incorporated, and compensation effects due to donors suppressed. This tendency toward p-type conductivity may, in itself, explain why P-doped ZnO in which Zn 3 P 2 precipitates occur could exhibit measurable hole conduction. However, as we will discuss below, it is not actually necessary for the Zn 3 P 2 itself to be p type.
Another means of producing insight into the band alignment is by performing calculations for a Zn 3 P 2 surface, which produce the position of the VBM with respect to the vacuum level. In principle, such alignments are sensitive to the details of the surface but for the qualitative purposes of the present work this is not a limitation. We performed surface calculations in a repeated-slab geometry with a slab thickness of nine layers ͑approximately 16 Å͒ along the nonpolar ͓010͔ surface and a vacuum spacing of 12 Å in between. On the unrelaxed surface, the VBM is found at Ϫ4.38 eV with respect to the vacuum level. This value changes to Ϫ4.48 eV when relaxations are included, indicating the value is not very sensitive to such effects. Gratifyingly, the latter value is in good agreement with the value for the Zn 3 P 3 VBM position, at Ϫ4.62 eV, obtained from the hydrogenlevel alignment.
We now turn to simulations of the ZnO/ Zn 3 P 2 interface. The purpose of this simulation is not to provide an atomistic depiction of the interface; indeed, because of the sizeable lattice mismatch, creating a coherent interface between ZnO and Zn 3 P 2 would be challenging. As we will see, however, our conclusions do not depend on details of interfacial structure but only on qualitative values of band alignment. Therefore use of "natural band alignments," in this case based on the estimates obtained above for hydrogen-level alignments and surface calculations, will suffice. We focus on a simulation of band positions in the vicinity of the interface.
Our estimates above placed the VBM of Zn 3 P 2 at around 4.5-4.6 eV below the vacuum level. Combined with information about the VBM of ZnO, 22 we estimate a valenceband offset between the two materials of about 3.4 eV. Interface-specific effects may affect this value at an actual heterojunction; however, we will demonstrate that our conclusions are not sensitive to the precise value of this offset ͑with a very wide tolerance͒. We note that, with a ZnO band gap of 3.40 eV, this estimated VB offset causes the VBM of Zn 3 P 2 to lie at approximately the same level as the conduction-band minimum ͑CBM͒ of ZnO. This, in its own right, indicates that at an interface there may be a strong tendency for electrons from the Zn 3 P 2 VBM to transfer to the ZnO CBM, thus leading to the formation of holes in Zn 3 P 2 .
We have backed up these qualitative insights with explicit Schrödinger-Poisson simulations 24 of a ZnO/ Zn 3 P 2 interface. For the purpose of the simulations some assumptions need to be made about doping of the two materials. ͑We will show below that our results are not sensitive to the details of these assumptions.͒ On the ZnO side, we assume that P is incorporated as a deep acceptor in ZnO with an ionization energy of 0.93 eV ͑Ref. 7͒. The simulation in Fig. 2 was performed assuming a deep acceptor concentration of 10 19 cm −3 . With regards to doping of Zn 3 P 2 , as noted above we expect this material to have a tendency to be p type; however, for the purposes of the simulation we assumed a "worst-case" scenario, in which Zn 3 P 2 is n type ͑with a donor concentration of 10 17 cm −3 ͒, thus making it very clear that the appearance of holes at the interface does not rely on the p-type nature of Zn 3 P 2 . A band gap of 1.5 eV was assumed for Zn 3 P 2 ͑Ref. 25͒. Figure 2͑a͒ clearly shows that a hole accumulation layer is formed at the interface. Because the Zn 3 P 2 VBM lies at a high energy, electrons in the Zn 3 P 2 VB have a tendency to transfer to the ZnO, where they can find lower-energy states. If the ZnO were undoped or n type, these electrons would go into the ZnO conduction band ͑CB͒; the interface would then exhibit mixed conduction. But if the ZnO is doped with deep acceptors, the electrons can compensate those acceptors and free electrons are removed from the system. Figure 2͑b͒ shows that a hole accumulation layer forms within a distance of a few nanometer from the interface, and with a density exceeding 10 20 cm −3 . The corresponding charge density of the sheet is on the order of 10 13 cm −2 ͑Fig. 3͒. We suggest that the presence of this sheet of charge, at interfaces embedded in the ZnO layer, may be responsible for measurements of hole conductivity in P-doped ZnO.
We have performed extensive checks to ensure that our qualitative conclusions are not sensitive to the details of our simulations. Decreasing the concentration of deep acceptors in ZnO leads to a decrease in the density of the hole accumulation layer, but as noted above, a p-type layer continues to form even if the ZnO is undoped or n-type. We have also checked the sensitivity to the band alignment. Figure 3 , generated using parameters identical to those in Fig. 2 but with a variable band alignment, clearly shows that a hole accumulation layer continues to form, even if the Zn 3 P 2 VBM is well below the ZnO CBM.
While our calculations are based on P-doped ZnO, we believe that the conclusions also apply to ZnO doped with other deep acceptors such as As or Sb. Indeed, explicit calculations for Zn 3 As 2 showed that the VBM at its ͑relaxed͒ surface is located at Ϫ4.53 eV, a result very similar to that obtained for Zn 3 P 2 . Following the general trends between phosphides, arsenides, and antimonides, 22 we expect the VBM of Zn 3 Sb 2 to lie at least as high as that of Zn 3 P 2 and Zn 3 As 2 . The VBM of nitride compounds is expected to lie lower than that of P compounds. However, the fact that a hole accumulation layer can form even if the VBM of Zn 3 P 2 is 2 eV below the CBM of ZnO, as shown in Fig. 3 , is a strong indicator that the mechanism described here may also apply in the case of Zn 3 N 2 . This could be a potential explanation for the localized p-type conductivity phenomena observed in Ref. 26 .
In summary, we have presented first-principles calculations for Zn 3 P 2 and simulations of ZnO/ Zn 3 P 2 interfaces that provide a plausible explanation for the observed p-type conductivity in ZnO doped with group-V acceptors. 
